I propose a novel method for designing a broadband THz absorber by using periodic arrays of graphene ribbons on a Salisbury-screen-like structure. The recently proposed analytical circuit model of graphene arrays is used for obtaining analytical expressions for the input admittance of the proposed device. The input admittance is then adjusted to be closely matched to the free space in a wide frequency range. Consequently, it is demonstrated that a bandwidth of 90% absorption can be extended up to 100% of the central frequency with only one layer of patterned graphene.
INTRODUCTION
Graphene, a two-dimensional (2D) layer of carbon atoms arranged in a honeycomb lattice, has attracted a great deal of interest [1] . Quantum hall effect [2] , gate-variable optical conductivity [3] , controllable plasmonic properties [4] and high-speed operation [5] are some of the exceptional electrical and optical properties of graphene. Moreover, it has been demonstrated that graphene is one of the best materials for designing THz-wave absorbers because of its capability of surface plasmon polariton-based absorption at THz frequencies [6] [7] [8] [9] [10] [11] [12] . Electromagnetic wave absorbers play a central role in many devices utilized in biosensing, imaging, and communications [13] . The absorbers based on graphene can be tunable [6] and broadband (in a THz regime) [7] which are important properties in some applications.
The perfect absorption can be explained by means of circuit theory: a graphene layer is periodically patterned on a properly designed substrate, and the whole structure is impedance matched to the incident medium. Therefore, the structure has no reflection, and if the transmission channel is also closed, a perfect absorber will be realized. Some authors have used circuit theory and the impedance matching concept to design perfect absorbers [6, 12, 14] . However, in these works, the circuit model that restricts the efficiency of the designing process has been obtained numerically. As a result, the best achieved bandwidth of 90% absorption (normalized to the central frequency) is 58% [12] . More recently, a bandwidth of 84% has been demonstrated in [7] , but the use of three layers of patterned graphene in its proposed structure makes its fabrication more challenging.
In this work, an ultra-broadband absorber is designed in which a periodic array of graphene ribbons (PAGR) is placed a quarter wavelength above a reflecting surface. I use the recently proposed analytical circuit model of PAGR [15] for designing the device. The admittance of the structure is designed to be close to the free-space admittance. Moreover, the variations of the admittance around the central frequency are carefully adjusted by applying an additional condition on the derivative of the admittance. As a result, the reflection remains less than 10% in a wide frequency range, and the normalized bandwidth of 90% absorption can reach up to 100%, which is significantly larger than the previous record of 58%. Furthermore, all parameters of the absorber are given by closed form expressions.
However, it should be mentioned that the central frequency of the absorber must fall within a specific range of frequencies. This range is determined by imposing two essential constraints: (1) the width of ribbons has to be smaller than the period of PAGR, and (2) the structure must be a subwavelength to guarantee the validity of the circuit model. The above-mentioned frequency range is expressed explicitly as a function of the electron mobility of graphene. It is shown that, for realistic values of electron mobility, this range falls into the THz regime.
The paper is organized as follows: In Section 2, I present the circuit model of the proposed device, and then a design scheme is proposed leading to an ultra-broadband absorber. In Section 3, the limitations of the proposed design are investigated, and the allowed frequency range for the central frequency of the absorber is obtained. Finally, conclusions are drawn in Section 4. A time dependence of the form e jωt is assumed and suppressed throughout this study.
BROADBAND ABSORBER DESIGN
A schematic of the proposed device is shown in Fig. 1(a) . A PAGR is placed a quarter wavelength from a reflecting surface, and geometrically and electronically tuned to mimic a surface with an impedance closely matched to free space. The reflecting surface is a good conductor (Au) which can be considered to be an approximate short circuit, and it is transformed to be an approximate open circuit by a λ∕4 transformer. Therefore, the admittance of the graphene array is seen as the input admittance of the structure, and it can be tuned to be matched to the free-space admittance near its resonant frequency [14] .
A Fourier modal method with adaptive spatial resolution is used in this paper for numerical simulations [16, 17] . The method solves Maxwell's equations for periodic structures rigorously. The graphene layer is modeled numerically by a thin layer (with thickness Δ 1 nm) of permittivity ε GR ε 0 − jσ GR ∕ωΔ, with σ GR as the surface conductivity of graphene which can be derived using the well-known Kubo formula [18] and written as
where e is the electron charge, k B is the Boltzmann constant, ℏ is the Planck constant, T is the temperature (fixed to 300 K), E F is the Fermi energy, ω is the angular frequency, and τ is the relaxation time.
The equivalent circuit of the device at normal incidence for TM polarization (magnetic field along the y direction) is depicted in Fig. 1(b) . Homogenous regions are modeled with transmission lines and the PAGR with a shunt admittance Y G . The admittance of transmission lines corresponding to homogenous regions is Y n∕η 0 and β ω∕c, where n is the refractive index of the region, η 0 ≈ 120π is the free-space impedance, and c 3 × 10 8 ∕n is the speed of light in the region. The transmission line corresponding to the gold reflecting surface can simply be replaced by an admittance, because the incoming wave cannot transmit through this layer. Throughout this paper, a refractive index of n s 1.5 for the dielectric substrate and conductivity of σ 4 × 10 7 S∕m for the Au reflector are assumed.
It has been shown that the admittance of PAGR, Y G , is composed of an infinite number of parallel R-L-C circuits, each representing a mode of the graphene ribbon [15] . These modes are Fabry-Perot resonances of a graphene plasmon trapped in the finite width of graphene ribbons. I design the proposed device near the first resonance frequency of PAGR; thus, the effect of higher-order modes can be neglected. Hence, the PAGR can be modeled with a series RLC circuit corresponding to the first mode, as shown in Fig. 1 (b). At sufficiently low frequencies (where the interband term of conductivity, the second term in the above equation, is negligible) and for E F ≫ k B T , σ GR will be of the Drude form:
Thus, the following simple expressions are obtained [15] :
and
where D and W are the period and the width of the graphene ribbons, respectively; ε eff ε 0 1 n 2 s ∕2 is the average permittivity of the mediums surrounding the graphene ribbons; and q 1 is the first eigenvalue of the equation governing the current on the PAGR. (Values of q 1 for different W ∕D have been given in Table 1 .)
It should be noted that, although the design is performed by two simplifying assumptions, neglecting the effect of higher-order modes and using the Drude form expression for the surface conductivity, the final results will be obtained without these assumptions.
The conditions for perfect absorption are ReY in Y 0 1∕η 0 and ImY in 0, where It can be simply achieved for a given frequency, f 0 , by
The physics behind this complete absorption can be described from another point of view. The incident photons, whose frequency is matched to that of the first localized mode of graphene ribbons, excite this mode. Therefore, some photons are absorbed, and others are reflected and transmitted. Transmitted photons are reflected back by the Au reflector, and some of them come out of the structure with a phase difference of 2β s d π. This process is repeated again and again, and these partial reflections destructively interfere with each other, leading to zero reflection. On the other hand, the transmission channel is closed by the Au reflector; thus, the incoming wave is completely trapped, and, finally, it is absorbed by the graphene array.
However, these conditions do not lead to broadband absorption. To obtain broadband absorption (not necessarily perfect), I relax the first condition:
where α is a numerical parameter larger than unity and its maximum value is determined by the minimum allowed absorption. From the circuit model, the absorption at central frequency can be expressed in terms of α:A 1 − 1 − α∕ 1 α 2 . Therefore, I set α 1.75 throughout this work to ensure absorption larger than 90%. I also apply the following condition:
The latter condition leads to a small imaginary part in a wide range of frequencies near the central frequency. On the other hand, the real part of input admittance is smaller than α∕η 0 around the central frequency, so the absorption will be larger than 90%. Now we can start the design of the broadband absorber. First, we apply
As the next step, let us simplify Eq. (4) to extract more explicit conditions. Assuming β s d ≈ π∕2 and Y Au → ∞, it is obtained from Eqs. (2c) and (5) that
On the other hand, with L 1 C 1 1∕2πf 0 2 , the admittance of PAGR for frequencies around f 0 can be expressed as
Now, differentiating Eqs. (6) and (7) at f f 0 , Eq. (4) can be written as
It is obvious from Eq. (1) 
The relaxation time, τ, can be tuned by the Fermi energy E F through the relation τ μE F ∕ev 2 F , where μ is the electron mobility and v F 10 6 m∕s is the graphene Fermi velocity. Thus, I set
The fill factor of the graphene array, W ∕D, is then obtained from Eq. (1a):
The width of ribbons is closely related to their resonance frequency. Therefore, the width of ribbons can be easily determined by substituting L 1 and C 1 from Eq. (1) in
where r 1 q 1 W∕π is a function of the fill factor, and it can be computed by interpolating the data given in Table 1 . Now let us design an ultra-broadband absorber for a central frequency of f 0 1 THz. The electron mobility is assumed to be μ 0.2 m 2 ∕Vs ( 2000 cm 2 ∕Vs). It should be noted that the electron mobility of graphene on a substrate ranges from about 0.1 m 2 ∕Vs [11] to 6 m 2 ∕Vs [19] , depending on the fabrication process. From Eq. (5), the thickness of the dielectric substrate is set to d 50 μm. The relaxation time and Fermi level are chosen as τ 1.07 × 10 −13 s and E F 0.536 eV that are given by Eqs. (9) and (10), respectively. Finally, from Eqs. (11) and (12), one obtains W 91.4 μm and D 118 μm. The absorption of this structure is plotted in Fig. 2(a) , calculated by means of the FMM (solid line) and the circuit model (dashed line). The bandwidth of 90% absorption reaches about 0.98 THz. It should be pointed out that the central frequency has been shifted slightly to the left (f 0 0.984 THz); thus, the normalized bandwidth is 100% of the central frequency. This shift results from neglecting the effect of higher-order modes of graphene ribbons in the circuit model shown in Fig. 1(b) , which was used in the design process. However, the effect of the higher-order modes has been included in the simulations.
The real and imaginary parts of the input admittance, Y in (normalized to the free-space admittance), are also plotted in Fig. 2(b) . It should be emphasized that, in these figures, a more accurate circuit model is used, in which the effect of higherorder modes of PAGR is included, and the Au layer is modeled with a finite conductivity (σ 4 × 10 7 S∕m). It is seen that Research Article the imaginary part of the input admittance is near zero, and it is very flat around the central frequency. These features lead to wideband impedance matching and, thus, broadband absorption. The effect of ribbon width variations, because of possible fabrication errors, on the device performance is also investigated in Fig. 3(a) . In this figure, the absorption is plotted for three widths, W − 0.95 W, W , and W 1.05 W, where W and the other parameters of the structure are the same as the previous example. The normalized bandwidth of the device is 96%, 100%, and 103% for ribbon widths of W − , W , and W , respectively, and the central frequency is 0.991, 0.984, and 0.980 THz. Therefore, the performance of the device is not very sensitive to variations in the widths of ribbons.
The sensitivity of the device with respect to variations in Fermi energy is also examined in Fig. 3(b) . It is obvious from this figure that the absorption spectra do not change significantly for 10% variation in Fermi energy.
LIMITATIONS
The design algorithm presented in the previous section was very straightforward, and explicit expressions were obtained for all of the parameters. However, I show in this section that, for a given electron mobility μ, the central frequency cannot be chosen arbitrarily and has some limitations.
The first limitation stems from Eq. (11) because W ∕D must be smaller than unity. To be conservative, I apply W ∕D < 0.9 which translates into
which is obtained by using Eqs. (3) and (9)- (11), and with n s 1.5. On the other hand, the period of PAGR must be smaller than the wavelength; otherwise, the proposed circuit model would not be valid [15] . The wavelength in the free space and the substrate dielectric is λ and λ∕n s , respectively. Therefore, the minimum wavelength is λ min n s c∕f max , with f max 1.5f 0 for a normalized bandwidth of 100%. By applying λ min > D and using Eqs. (3) and (9)- (12), the following condition is numerically obtained:
For example, if we set the electron mobility to μ 0.2 m 2 ∕Vs (as in the numerical example of the previous section), we will obtain 0.978 THz < f 0 < 1.08 THz. Hence, electron mobility should be lowered to design the broadband absorber at higher frequencies, and vice versa. Another way to design a broadband absorber at higher frequencies is by relaxing the condition expressed by Eq. (8) as follows: 
As a numerical example, let us design an absorber with β 0.5. We again set the electron mobility to μ 0.2 m 2 ∕Vs. The upper limit for central frequency is increased to 2.15 THz according to Eq. (17) . For f 0 2 THz, the parameters of the desired broadband absorber are d 25 μm, E F 0.536 eV, D 29.5 μm, W 22.8 μm, and τ 1.07 × 10 −13 s that are given by Eqs. (5), (10)- (12), and (16), respectively. The absorption of the structure and the real and imaginary parts of the input admittance are shown in Fig. 4 . The normalized bandwidth of the absorber is decreased to 85.3%, but it is still larger than previous records [7, 12] .
It is worth noting that the bandwidth of the proposed absorber is almost independent of the central frequency and electron mobility. Nevertheless, it depends strongly on β, as observed in the previous example. Figure 5 shows the normalized bandwidth versus β. The maximum allowed central frequency according to Eq. (17) is also plotted in the same figure. (The electron mobility is μ 0.2 m 2 ∕Vs.) The minimum allowed central frequency is 0.978 THz (with β 1). If a bandwidth of more than 50% is acceptable, one can design the absorber for 0.978 THz < f 0 < 4.71 THz with 0.23 < β < 1.
CONCLUSION
In summary, I have proposed a novel approach for designing ultra-broadband absorbers by PAGRs. The design takes advantage of the circuit theory and the controllability of the graphene conductivity for adjusting the real and imaginary parts of the device input admittance. The real part is tuned to be sufficiently close to the free-space admittance around the central frequency, and, on the other hand, the imaginary part and its variations are set to be zero. As a result, a normalized bandwidth of 100% is demonstrated by using only one layer of PAGR deposited a quarter wavelength from a reflector.
I also discussed the limitations of the proposed scheme, and I presented the upper and lower bound for the central frequency as a function of the electron mobility of graphene. The upper bound, however, can be increased at the cost of decreased bandwidth, by allowing non-zero, small variations for the imaginary part of the input admittance. The device absorbs only TM polarized waves. A polarization insensitive absorber may be designed by 2D arrays of graphene patches or disks instead of graphene ribbons.
The approach presented in this work is applicable to any 2D material with Drude form and tunable conductivity. The electron mobility of the material determines the working frequency of the device.
